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Introduction
Mycoplasma pneumoniae is one of the common causative pathogens of community-acquired respiratory tract infections mainly in children and young adults [1] . Macrolides are generally considered to be the drugs of choice for treatment of children with M. pneumoniae infection [2] . Since about 2000, macrolide-resistant M. pneumoniae (MRMP) has been emerging in Asia, Europe, Canada and the USA [3] [4] [5] [6] . The rates of MRMP infection range from 3% to 26% in Europe [7, 8] , 63% to 97% in China [9] [10] [11] [12] and 25% to 93% in Japan [13] [14] [15] [16] [17] [18] . Macrolides are less effective against MRMP infection than against macrolide-sensitive M. pneumoniae (MSMP) [14, 19, 20] . Recently, the incidence of extra-pulmonary complications in patients with MRMP infection was reported to be significantly higher than that in patients with MSMP infection [21] .
Minocycline and fluoroquinolones were shown to be more effective than macrolides in adult patients infected with MRMP [22] . Minocycline and tosufloxacin have also been used for treatment of pediatric patients infected with MRMP [14, [23] [24] [25] [26] . Tetracyclines including minocycline are incorporated into teeth, cartilage and bone, resulting in discoloration of both primary and permanent dentitions [27] . Therefore, tetracyclines are contraindicated in children aged less than 8 years [27] . Fluoroquinolones including tosufloxacin have a potential risk of inducing cartilage and joint toxicity in children [28] . Although the Japanese guidelines for management of respiratory infectious diseases in children recommend the use of minocycline or tosufloxacin instead of macrolides when MRMP pneumonia is suspected and when there is a lack of defervescence within 48 h after the initiation of macrolide therapy [29] , the clinical effects of tosufloxacin in pediatric patients infected with MRMP have been controversial. One of the reasons for this recommendation was the low MIC titers of minocycline and tosufloxacin against MRMP [14] .
The purpose of this study was to clarify the therapeutic effects of macrolides (azithromycin and clarithromycin), minocycline and tosufloxacin against MRMP and MSMP infection in pediatric patients as well as the in vitro activities of these antibiotics against MRSP and MSMP.
Materials and methods

Ethics statement
All of the necessary ethics approval for this study was obtained from the Institutional Review Board of Hokkaido University Hospital for Clinical Research (012-0174). Written or verbal informed consent was provided by each patient. According to the ethical guidelines for clinical studies in Japan, written informed consent is not necessarily required for research not involving intervention but using human biological specimens. When written informed consent is not obtained, however, the physician must obtain oral informed consent and maintain records of methods for providing information and the content of the information. The acquisition of informed consent was confirmed upon arrival of the clinical specimens. The Institutional Review Board of Hokkaido University Hospital for Clinical Research follows this policy.
Study design
A prospective, multicenter observational study was conducted from July 2013 to August 2015 at 6 pediatric clinics and in the department of pediatrics in 9 hospitals in Asahikawa, Iwamizawa, Ebetsu, Obihiro, Kushiro, Sapporo, Chitose and Muroran cities, Hokkaido, Japan. Patients aged under 18 years of age who were afflicted with pneumonia due to M. pneumoniae were enrolled in this study. Diagnosis of pneumonia due to M. pneumoniae was made when all of the following criteria were met: (1) body temperature above 38 degrees Celsius, (2) signs and symptoms of the respiratory system (cough, dyspnea or abnormal breath sounds), (3) abnormal findings on chest X-ray (lobar or segmental consolidation, tiny centrilobular nodules and bronchovascular thickening) and (4) detection of M. pneumoniae DNA by real-time PCR (described below) or at least a four-fold increase in IgG antibody against M. pneumoniae from acute phase serum to convalescent phase serum.
The choice of antibiotics was made according to standard-of-care based on decisions by the treating physicians. The attending pediatrician subsequently chose one of the following antibiotics: azithromycin at 10 mg/kg/day for 3 days, clarithromycin at 10-15 mg/kg/day for 3-7 days, minocycline at 2-4 mg/kg/day for 2-4 days and tosufloxacin at 12mg/kg/day for 3-7 days. Minocycline was not chosen for patients aged less than 8 years because of side effects such as tooth discoloration. Laboratory data including results of a serological test for M. pneumoniae, radiographic findings, selection and dosage of antibiotics, and outpatient/inpatient status were recorded by the pediatricians. The age and sex of each patient and the time of onset (the first time that the patient had a fever of more than 37.5˚C) were recorded by the parents of children. The parents were also instructed to take their children's axillary body temperatures several times and to record the peak daily body temperatures.
Real-time PCR assay
Nasopharyngeal swab samples were collected from patients and suspended in three ml of BD universal viral transport medium (Becton Dickinson, Sparks, MD, USA). DNA was extracted with a QIAamp DNA mini kit (Qiagen, Venlo, The Netherlands) from one ml of BD universal viral transport medium and was finally resuspended in 50 μl of a buffer. DNA of M. pneumoniae was identified by real-time PCR with Mp181-F and Mp181-R primer pairs and an Mp181-P probe using one μl of DNA as described elsewhere [30] .
Detection of macrolide-resistant point mutations in domain V of 23S rRNA gene
Mutations associated with resistance to macrolides at sites 2063, 2064, and 2617 in the M. pneumoniae 23S rRNA gene domain V region were detected by a sequencing method described elsewhere [31] . M. pneumoniae showing a point mutation in domain V of the 23S rRNA gene was defined as MRMP.
Isolation of M. pneumoniae by culture
Modified Hayflick medium was used for the isolation of M. pneumoniae from patients [32] .
Antibiotic susceptibility
MICs of antibiotics were determined by a broth microdilution method based on the method of the National Committee for Clinical Laboratory Standards [31] .
Sample size and power calculation
For the primary analysis, 32 patients in each antibiotics group were required for a power of 80% at a two-sided alpha of 0.05 to detect a treatment difference of 1 day with a 1.4 standard deviation regarding fever duration. Therefore, the targeted required number of patients with MRMP infection was 128. The number of patients with M. pneumoniae infection was estimated to be 50% of those enrolled. The final number of patients with M. pneumoniae infection was expected to be 256. Since this study has an observational nature, we recruited as many patients as possible from the collaborative clinics and hospitals during the period from July 2013 to August 2015.
Statistical analysis
Demographic data are expressed as means +-SD or proportions. Continuous variables were compared using Student's t-test. Frequency analysis was performed by the chi-square test. The distributions of fever duration were depicted by the Kaplan-Meier method, and the log-rank test was used for comparisons of fever duration. To adjust for confounding, we set the duration of fever as a dependent variable and set the following factors as clinically relevant independent variables in multivariate Cox's regression analysis: age, sex, hospital admission during the course, days from onset of fever to administration of antibiotics, antibiotic initially chosen, change in antibiotics during the course and macrolide resistance of M. pneumoniae. To be understandable intuitively, we inversed the value of the hazard ratio in this text; that is, a value less than 1.0 means that the duration of fever is shorter than that of the reference. A two-sided P value of <0.05 was considered statistically significant. All statistical analyses were performed using JMP software version 12.0.1 (SAS Institute, Cary, NC, USA).
Results
Patient characteristics and macrolide resistance of M. pneumoniae
During the two-year enrollment period, recruitment was slower than expected, and a total of 109 patients who were diagnosed with pneumonia due to M. pneumoniae were enrolled in this study (S1 Table) . In 42 of the 92 M. pneumoniae-positive samples, the presence of A2063G mutation in the 23S rRNA gene, a single-base mutation that is known to confer macrolide resistance to M. pneumoniae, was detected, but other mutations (A2063C, A2063T, A2064G and C2617G) were not detected. These mutations were not detected in the remaining 50 M. pneumoniae-positive samples. Although nasopharyngeal swab samples were not available from seventeen patients who had been shown to have pneumonia due to M. pneumoniae by serological tests in Kushiro City from July 2013 to January 2014, these patients were regarded as being infected with MRMP (see discussion). The 42 patients from whom MRMP was detected and the 17 patients in Kushiro City in whom M. pneumoniae infection was serologically demonstrated were incorporated into the MRMP group. Fifty patients from whom M. pneumoniae was detected but single-base mutations conferring macrolide resistance to M. pneumoniae were not detected were incorporated into the MSMP group.
No significant differences were found between the MRMP and MSMP patients in baseline status items: age, sex, time from onset of fever to administration of antibiotics and the antibiotic initially chosen (Table 1) .
Antibiotic susceptibility
In vitro anti-mycoplasma activities of eight agents against 50 isolates of M. pneumoniae with or without A2063G mutation in the 23S rRNA gene were measured ( Table 2 ). The MIC90s of erythromycin, clarithromycin, azithromycin and clindamycin among the 27 isolates of MRMP were >256, 256, 64 and 128 μg/ml, respectively, and those among the 23 isolates of MSMP were 0.0039, 0.001, <0.000125 and 0.5 μg/ml, respectively. The MIC90s of levofloxacin, ciprofloxacin, tosufloxacin and minocycline among the 27 isolates of MRMP were 0.5, 1.0, 0.25 and 1.0 μg/ml, respectively, and those among the 23 isolates of MSMP were 0.5, 1.0, 0.5 and 1.0 μg/ ml, respectively. The results for resistant gene mutation of the 50 cultural isolates were consistent with those for the original isolates.
Duration of fever following commencement of treatment
The durations of fever following commencement of treatment with azithromycin, clarithromycin, minocycline and tosufloxacin were evaluated by Kaplan-Meier estimates (Fig 1) . The mean durations were 3.8, 3.7, 0.9 and 16.4 days for the azithromycin, clarithromycin, minocycline and tosufloxacin groups, respectively (log-rank test, P < 0.0001) (Fig 1A) . Among the patients with MRMP, the mean durations were 4.6, 5.5, 1.0 and 7.5 days for the azithromycin, clarithromycin, minocycline and tosufloxacin groups, respectively (log-rank test, P < 0.0001) (Fig 1B) . Among the patients with MSMP, the mean durations were 2.5, 1.7, 0.9 and 4.3 days for the azithromycin, clarithromycin, minocycline and tosufloxacin groups, respectively (logrank test, P = 0.0162) (Fig 1C) . The durations of fever following commencement of treatment in patients infected with MRMP and patients infected with MSMP were evaluated by Kaplan-Meier estimates (Fig 2) . The mean durations were 5.2 and 1.9 days for the MRMP and MSMP groups, respectively (logrank test, P < 0.0001) (Fig 2A) . The durations of fever were significantly different between MRMP patients and MSMP patients treated with azithromycin (4.6 and 2.5 days, respectively, P = 0.0175) (Fig 2B) and between MRMP patients and MSMP patients treated with clarithromycin (5.4 and 1.7 days, respectively, P < 0.0001) (Fig 2C) . No statistically significant difference in the duration of fever was found between MRMP patients and MSMP patients treated with minocycline (1.0 and 0.9 days, respectively, P = 0.7496) (Fig 2D) or between MRMP patients and MSMP patients treated with tosufloxacin (7.5 and 4.3 days, respectively, P = 0.3166) (Fig 2E) .
Fever subsided within two days following commencement of treatment in 9 (15%) of the 59 patients infected with MRMP and in 39 (78%) of the 50 patients infected with MSMP (Fig 3) .
The Cox proportional hazards model showed that the duration of fever following commencement of treatment correlated with hospital admission during the course (hazard Fig 1. Durations of fever following commencement of treatment for pneumonia due to MRMP and MSMP by azithromycin, clarithromycin, minocycline and tosufloxacin. Kaplan-Meier curves showing a comparison of times taken for body temperature to return to <37.5˚C among patients with (A) MRMP and MSMP (log-rank test, P < 0.0001), (B) MRMP (log-rank test, P < 0.0001) and (C) MSMP (log-rank test, P = 0.0162).
https://doi.org/10.1371/journal.pone.0173635.g001 ratio = 0.48, 95% confidence interval of 0.29 to 0.78, P = 0.0031) and with macrolide resistance of M. pneumoniae (hazard ratio = 0.41, 95% confidence interval of 0.26 to 0.64, P < 0.0001) ( Table 3 ). There was a statistically significant association between duration of fever following commencement of treatment and the antibiotic initially chosen. Patients who were treated with minocycline had a shorter duration of fever than did patients treated with azithromycin (hazard ratio = 0.35, 95% confidence interval of 0.15 to 0.85, P = 0.0215), clarithromycin (hazard ratio = 0.26, 95% confidence interval of 0.11 to 0.61, P = 0.0024) or tosufloxacin (hazard ratio = 0.16, 95% confidence interval of 0.06 to 0.43 P = 0.0004). Patients treated with azithromycin had a shorter duration of fever than did patients treated with tosufloxacin (hazard ratio = 0.45, 95% confidence interval of 0.20 to 0.91, P = 0.0256). There was no statistically significant association between duration of fever following commencement of treatment and age (P = 0.9896), sex (P = 0.2810), days from fever onset to commencement of treatment (P = 0.0621) or change in antibiotics during the course (P = 0.2273).
The durations of fever following commencement of treatment in the 59 patients infected with MRMP were sub-analyzed using the Cox proportional hazards model ( Table 3 ). The duration of fever following commencement of treatment correlated with hospital admission during the course (hazard ratio = 0.50, 95% confidence interval of 0.25 to 0.98, P = 0.0404) and with the antibiotic initially chosen. Patients treated with minocycline had a shorter duration of fever than did patients treated with azithromycin (hazard ratio = 0.03, 95% confidence interval of 0.00 to 0.20, P = 0.0003), clarithromycin (hazard ratio = 0.02, 95% confidence interval of 0.00 to 0.13, P < 0.0001) or tosufloxacin (hazard ratio = 0.01, 95% confidence interval of 0.00 to 0.11, P < 0.0001). The durations of fever following commencement of treatment in the 50 patients infected with MSMP were also sub-analyzed using the Cox proportional hazards model ( Table 3 ). The duration of fever following commencement of treatment correlated with hospital admission during the course (hazard ratio = 0.39, 95% confidence interval of 0.17 to 0.87, P = 0.0240) and with days from fever onset to administration (hazard ratio = 0.79, 95% confidence interval of 0.65 to 0.97, P = 0.0256). There was no statistically significant association between duration of fever following commencement of treatment and age (P = 0.9496), sex (P = 0.1075), or the antibiotic initially chosen.
Discussion
In the present study, the therapeutic effects of azithromycin, clarithromycin, minocycline and tosufloxacin against MRMP and MSMP infection in pediatric patients were investigated. In patients treated with macrolides (azithromycin and clarithromycin), the duration of fever following commencement of treatment for MRMP was longer than that following commencement of treatment for MSMP (Figs 2 and 3) . These results were consistent with the results of the antibiotic susceptibility tests (Table 2 ). Similar findings have been reported [14, 19, 20, 24] .
In patients infected with MRMP, the duration of fever following commencement of treatment with minocycline was significantly shorter than the duration of fever following commencement of treatment with macrolides (azithromycin and clarithromycin) and tosufloxacin (Fig 1, Table 3 ). Minocycline is well known to be effective for treatment of MRMP infection in pediatric patients aged more than 8 years [14, 23, 26] . The clinical effects of tosufloxacin in patients infected with MRMP have been controversial. Kawai et al. reported that the 48-h defervescence rate after initiation of treatment with tosufloxacin (43 of 62 patients, 69%) was significantly higher than that after initiation of treatment with azithromycin (11 of 27 patients, 41%) [14] . Okada et al. reported that 24-h defervescence rates after initiation of treatment with tosufloxacin and macrolides were 31% (4 of 13 patients) and 31% (4 of 13 patients), respectively [26] . In our study, the duration of fever following commencement of treatment with tosufloxacin in patients infected with MRMP was not significantly different from the duration of fever following commencement of treatment with macrolides (azithromycin and clarithromycin) (Fig 1, Table 3 ). Additionally, the duration of fever following commencement of treatment with tosufloxacin in patients infected with MRMP was almost same as that for patients infected with MSMP (Fig 2) . In this study, we could not demonstrate a therapeutic advantage of tosufloxacin for treatment of MRMP.
Both minocycline (MIC90, 1.0 μg/ml) and tosufloxacin (MIC90, 0.25 μg/ml) had higher antibacterial efficacies than those of azithromycin (MIC90, 64 μg/ml) and clarithromycin (MIC90, 256 μg/ml) against isolates of MRMP (Table 2) . Therefore, antibacterial efficacy alone could not explain the differences in clinical effects of minocycline and tosufloxacin in patients infected with MRMP. Minocycline has a relatively high blood concentration (2.3 μg/ml after oral administration of 4 mg/kg) and a long half-time (10 hours) [33] . Minocycline penetrates efficiently into lung tissues and bronchial mucus; mean tissue or mucus concentration to plasma concentration ratios were 3.78 +/-1.10 for lung parenchyma, 4.04 +/-1.31 for bronchial walls and 1.99 +/-1.80 for intraluminal mucus collected from bronchi Hazard ratio (95% Confidence interval)
P
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Per one year 1.00 (0. after oral administration of 100 mg for 3 days [34] . In contrast, the maximum blood concentration of tosufloxacin is relatively low (1.0 μg/ml after administration of 6 mg/kg) and its half-time is short (3.8 hours) [35] . Tosufloxacin does not penetrate efficiently into lung sputum and bronchial mucus; maximum sputum concentration to serum concentration ratios were 0.34/0.94 in one patient and 0.31/0.51 in another patient after oral administration of 150 mg [36] . These differences can partially explain the differences in clinical effects of these two antibiotics in MRMP infections. Seventeen patients in Kushiro City for whom M. pneumoniae infection was serologically demonstrated but nasopharyngeal swab samples were not available were considered to be patients with MRMP for the following reasons. First, the rate of MRMP infection in Kushiro City was 100% in this period (July 2013 to January 2014) [16] . Second, there was no statistically significant difference in fever duration between MRMP patients and the 17 patients who were shown to have pneumonia due to M. pneumoniae by serological tests.
In patients infected with MSMP, the durations of fever following commencement of treatments with four antibiotics were different (P = 0.0162) (Fig 1) . The durations of fever following commencement of treatments with azithromycin, clarithromycin and minocycline were shorter than the duration of fever following commencement of treatment with tosufloxacin, though the difference was not statistically significant (Table 3) .
Our study has several limitations. First, this study was a nonrandomized trial to compare the efficacies of several antibiotics against MRMP strains. Selection of antibiotics was made by the attending physicians. The lack of evaluation of pneumonia severity could be a confounding factor for comparison of fever duration and choice of the antibiotic for treating MRMP or MSMP. We started surveillance of MRMP among pediatric patients in Hokkaido in 2012 [16] , and physicians therefore knew the prevalence of macrolide resistance in their region. That might have influenced their choice of antibiotic for treating M. pneumoniae pneumonia. Physicians in Kushiro City were inclined to select either minocycline or tosufloxacin because the macrolide resistance rate in Kushiro City was 100% in that period (July 2013 to January 2014). Six of thirteen patients prescribed minocycline and six of twelve patients prescribed tosufloxacin resided in Kushiro City. Second, we assessed the clinical outcome only by using fever, not by using respiratory symptoms. Third, we could not totally exclude colonization of M. pneumoniae instead of infection in the M. pneumoniae DNApositive patients because of the lack of an IgG antibody against M. pneumoniae between acute and convalescent phase serum. Finally, we could not achieve the target sample size in this study. If we had calculated the sample size to detect the difference between 3.8 days vs. 0.9 days with 1.4 standard deviation, the required sample size becomes 7 patients with M. pneumoniae for each antibiotic (28 in total) with 0.5 of 2-sided alpha and 90% power. Thus, this post-hoc power calculation shows that relatively modest differences among groups could be detected with 59 MRMP patients in the present study despite the failure to reach the planned sample size.
In conclusion, minocycline was clinically more effective against MRMP infection in pediatric patients than were the other three antibiotics (azithromycin, clarithromycin and tosufloxacin). Therefore, minocycline could be one of the choices for treatment of MRMP infection in children over 8 years of age. Treatment of MRMP infection in children less than 8 years of age should be investigated. 
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